Around 2000, El Niño-Southern Oscillation (ENSO) began to experience weaker-intensity, but more frequent events (i.e., the increased central-Pacific (CP) ENSO), when a climate transition characterized by a La Niña-like mean state coincidently occurred. Associated with this climate shift, the ENSO simulation and prediction skills of most models in the 2000s were significantly lower than those in the 1980−90s, which had common biases that were amplified through this climate transition. In this work, a model bias is examined with the heat flux (HF)-sea surface temperature (SST) coupling processes over the tropical Pacific, which experienced coupling strength modification around 2000 over both the regions west and east of 160°W. A simple ENSO coupled model trained with the observations before 2000 is used to demonstrate that this model bias can be alleviated by updating the HF-SST coupling parameters. After updating these parameters, the performance of the ENSO model is significantly improved for reproducing observations over the tropical Pacific after the year 2000, suggesting the potential for a substantial improvement in ENSO simulation and prediction.
Introduction
Understanding the changes in the El Niño-Southern Oscillation (ENSO) characteristics and its major mechanisms are of great importance for worldwide environmental and socioeconomic studies (Wang and Picaut 2004; Ashok and Yamagata 2009) . Reasonable simulation and accurate prediction of ENSO are thus urgently required. Since the first forecast using dynamical coupled atmosphere-ocean model made by Zebiak Cane (1987; ZC) , diverse models have reached a stage at which skillful predictions can be made 6−12 months in advance (Latif et al. 1998; Zheng et al. 2006; Jin et al. 2008; Tippett and Barnston 2008; Zheng et al. 2009; Peng et al. 2013 ). However, ENSO prediction accuracy declined beginning in 2000 (Barnston et al. 2012) , when a climate shift occurred in the tropical Pacific characterized as a prominent La Niña-like pattern (Kosaka and Xie 2013; Xiang et al. 2013) . As documented by Barnston et al. (2012) , an apparent retrogression in skill exists in ENSO predictions from 2002 to 2011, compared with the predictions from 1981 to 2010. Meanwhile, the central Pacific (CP) ENSO occurred more frequently with the locus of warming sea surface temperature (SST) anomalies shifted westward toward the dateline (McPhaden 2012; Hu et al. 2013; Yu et al. 2015) , indicating a possible link to the changed mean state around 2000 (McPhaden et al. 2011; Yu and Kim 2011; Chung and Li 2013; Han et al. 2014) . The changing ENSO characteristics (e.g., weaker-amplitude, high-frequency CP ENSO events) after the climate shift resulted in the degradation of ENSO performances (Barnston et al. 2012) . Furthermore, the projection of the CP ENSO pattern could not be adequately captured at that time (Taschetto et al. 2014) .
Different periods marked by the climate shift around 2000, characterized by specific atmosphere-ocean interplay, appear to impact on the parameter bias in contemporary ENSO models, especially for some dynamical models trained with pre-2000 observations (Zebiak and Cane 1987; Van Oldenborgh et al. 1999; Kang and Kug 2000; Zhang et al. 2005) , which are unable to reasonably describe the post-2000 ENSO characteristics. Therefore, a unique opportunity exists that allows models to reasonable represent the ENSO information after 2000, and the implementation of bias correction should be an effective approach to make up for the described model inadequacies (Cui et al. 2012; Duan et al. 2014) . In this work, the underlying effects of the climate shift on ENSO simulations is examined by adopting GMODEL (Burgers and van Oldenborgh 2003) , examining the model bias related to the net heat flux (HF)-SST coupling process over the tropical Pacific and developing a bias correction scheme with post-2000 data.
Model and data
The ENSO model is a simple linearly coupled model, GMODEL Version 3.0, and two main components are briefly described. The atmospheric component is a statistical model, constructed by the monthly wind stress anomalies and the observed Niño3 and Niño4 indices over the period of 1982−99. The ocean component consists of a 1.5-layer shallow-water anomaly model and a linear SST equation. The SST equation (Eq. 1) has the following generic form:
where, T, h, and t x represent the SST, thermocline and zonal wind stress (TAUX) anomaly filed, respectively. Parameters a, b, and g determine the strength of feedbacks and are assumed to be only dependent on longitude.
Of the three parameters, the regression coefficient g represents the damping time for SST anomalies, estimated by linearly regressing HF anomalies against SST anomalies, reflecting cloud feedback. As shown in Table 1 , through comparing the thermal damping term in several dynamical ENSO models of International Research Institute (IRI) for Climate and Society, the determinations of g were all trained with pre-2000 data and set in a varying intensity (Zebiak and Cane 1987; Van Oldenborgh et al. 1999; Kang and Kug 2000; Zhang et al. 2005) . The parameter uncertainties may hence induce some new biases on the ENSO simulation after 2000.
All monthly observational and reanalysis data are used to analyze and validate the HF-SST coupling processes shift in both the observations and simulations. The SST data are from the Extended Reconstructed SST (ERSST), v3b (Smith et al. 2008) . The TAUX data are from the National Centers for Environmental Prediction (NCEP) reanalysis 1 (Kalnay et al. 1996) . The sea surface height (SSH) data, which are approximately proportional to the variations in thermocline depth, are provided by the Global Ocean Data 
Improvements in ENSO simulation after correction of the HF-SST coupling bias
In ENSO models, especially for these state-of-the-art intermediate coupled models in IRI, bias may result from maintaining constant parameters to represent the feedback strength and relaxation time ignoring the climate shift in the year 2000, which highlights appropriate parameter g in GMDOEL to exhibit accurate damping effects. To be consistent with the simplified function of the parameter g in Burgers and van Oldenborgh (2003) , and according to the observed thermal damping progress over the two regions after 2000, the coupling strength in the west is increased 1.66 times and weakened by approximately 21% in the east, the new parameter g is obtained through multiplying the estimated proportion (i.e., 0.79 in the eastern region) to the original parameter values. Particular experiments are designed to evaluate the simulation effects on this new g ( Table 2 ). The four experiments run for 60 years, and the results of last 50-year are analyzed. Table 3 shows the standard deviation (SD) of the SST anomalies calculated from the observations and four experiments over the Niño3.4 region (5°S−5°N, 170°W−120°W). In the observational condition, the SD value reduced from 0.93°C to 0.75°C after 2000, which confirmed the weaker ENSO through the climate shift. In the experimental condition, similar reduction (from 0.86°C to 0.62°C) is found between the Scheme-original and Scheme-new experiment. Notably, the SD values produced by the Scheme-original experiment are close to the values observed during the pre-2000 period, while the SD values produced by the Scheme-new experiment are close to those observed in the 2000s. These similarities can be considered as the positive influences for updating the HF-SST coupling parameter in reproducing the changing ENSO characteristics in the 2000s. 
Climate shift in the HF-SST coupling process
Changes in the background conditions of the tropical Pacific not only involve stronger trade winds and a steeper east-west slope of the thermocline (Kumar and Hu 2014) but also the heat content distribution. By assessing the Bjerknes stability index (BJ index), Lübbecke and McPhaden (2014) found a more negative total index and demonstrated a more strongly damped system in the post-2000 than that found for the 1980−90s. Considering the gross features of the functional relationship of the parameters (described in Eq. 1) and the consistency between observational and model studies in mechanisms (i.e., SST is closely related to the thermocline depth anomaly in the eastern Pacific, and the temperature vertical transportation is dominated by mean upwelling, while zonal convection is more important in the central Pacific) that affect SST in the equatorial Pacific (Burgers and van Oldenborgh 2003) . The two chosen areas are defined as the west region (5°S−5°N, 120°E−160°W) and the east region (5°S−5°N, 160°W−80°W). Each region is analyzed during two sub-periods: 1984−99 and 2000−09. Figure 1 shows the HF-SST coupling strength in two regions and two sub-periods, which is examined by constructing the linear regression coefficient of area-averaged HF anomalies against SST anomalies, mostly representing the SST-cloud negative feedback (Burges and van Oldenborgh 2003) . The net HF is defined as the sum of solar radiation, latent, sensible and long-wave heat fluxes, and the negative value of (upward) HF means the ocean loses heat. The regression slopes represent the thermal damping intensity. As shown in Fig. 1a ) after 2000 in the east region, which concurs with previous studies that the coupling relationship weakened in the eastern Pacific in the 2000s (Choi et al. 2011; Hu et al. 2013; Zheng et al. 2014) . Similar variations in those two areas are also observed with the Optimum Interpolation version 2 SST data (Reynolds et al. 2002; Supplement 2) . The differences between these two sets of values are statistically significant at the 95% confidence level. Figure 2 compares the power spectra of the Niño3.4 SST anomalies between two scenarios: one from the observational time series in two sub-periods (Fig. 2a) and another from the Scheme-original and Scheme-new experiment (Fig. 2b) . The observed ENSO frequency in the preceding period is approximately 4 years, whereas it decreased to the 3-yr ENSO cycle in the 2000s (Fig. 2a) . When comparing this to the 3.7-yr frequency in the Scheme-original experiment, it is likewise shortened by nearly 1 year in the Scheme-new (Fig. 2b) . After correcting the parameter, both scenarios show a similar shortened gap in frequency. Moreover, similar results in the changes of ENSO frequencies can be obtained when adopting other ENSO indices, such as the CP index, which is calculated by removing the SST anomalies regressed with the Niño1+2 index from the total SST anomalies before applying an EOF analysis to obtain the spatial pattern of the CP ENSO (Kao and Yu 2009 ; Supplement 3). Overall, the updated HF-SST parameter is reasonable and of benefit to the GMODEL in the post-2000 ENSO simulation in terms of the interannual variability and occurrence frequency. As indicated in previous studies (Cui et al. 2012; Duan et al. 2014) , the climate shift around 2000 restricts the performance of some dynamical models trained with pre-2000 data ( Table 1) . The results shown here indicate that the implementation of bias correction should be an effective way to alleviate the model inadequacies mentioned above, and should have significant effects on improving ENSO simulations and predictions.
Further, to explain why this updated HF-SST coupling parameter can produce a more realistic simulation of the post-2000 ENSO, the observed mean state changes of the SST, TAUX, and SSH anomalies are examined in Figs. 3a, b, c . The post-2000 era is characterized by an evident cooling SSTs mean state in the eastern-central Pacific; the strengthened easterly wind stress anomalies with positive SSH anomalies are located in the western Pacific, whereas opposite anomalies appear in the eastern Pacific. These patterns indicate the following: towards the eastern-central equatorial Pacific, the cooling (the La Niña-like) mean state will generally result in an increased divergence together with an anomaly descending flow, which may provide a trigger mechanism to simulate the easterly wind stress strengthened over the west. The strengthened easterly wind stress anomalies thus confine the warmer seawater to the western basin, giving rise to a steeper thermocline from west to east. Significantly, the La Niña-like mean state over the tropical Pacific was previously alluded to as the facilitator of the CP El Niño.
Next, the EOF analyses are utilized to examine the variations caused by the climate transition over the tropical Pacific. The mean differences upon the Scheme-new (Figs. 3d , e, f) are depicted with a similar degree to those changes in the background of the tropical Pacific (Figs. 3a, b, c) . This similarity proves the effectiveness of the bias correction scheme in updating the HF-SST parameter for the post-2000 changing ENSO, and also suggests the weakened ENSO cycle (i.e., the decreased SD value of Niño3.4 SST simulated by the Scheme-new) is related to the cumulative damping effects.
The characteristics of g identified with different coupling strengths in those two regions are corrected, and the combination effects are evaluated. Therefore, the concentration is on isolating the individual roles of the two regional coupling strengths. Comparing the SD values between the experiments of g-west and g-east (Table 3 , columns 4, 5), it is found that the observed decreasing SD through the year 2000 can be captured only by enhancing the west-region damping strength (i.e., the SD reduced from 0.86°C in the Scheme-original to 0.7°C in the g-west). By contrast, the SD increased to 1.1°C in the g-east experiment. Table 3 . Standard deviation (SD) of the SST anomalies over the Niño3.4 region, estimated from the four schemes (Schemeoriginal, Scheme-new, g-west, and g-east) , and from the observations during two sub-periods (1982−99 and 2000−13) . Accordingly, the scheme with stronger damping in the west region presents a weaker ENSO, which seems to be more dominant, while the g-east scheme with weaker damping exhibits a stronger ENSO.
SD value
The influence of modifying either the west-region strength or the east-region strength on the mean state is isolated. Figures 4b,  c, d describes the differences between the g-west and Schemeoriginal experiment, which are similar to the results from the Scheme-new experiment (Figs. 3d, e, f ). An enhanced HF-SST coupling strength indicates a more sensitive HF-SST coupling process over the tropical Pacific. For example, perturbation in SST affects the surface wind speed, surface air humidity, and sea-air humidity difference and thus changes the surface HF, while the HF in turn modifies the SST (Wallace 1992; Lin 2007; Supplement 4a) . However, the cooling SSTs with a small zonal stretch are mainly concentrated in the central Pacific (Fig. 4b) , and the center of the maximum TAUX and thermocline depth anomalies moves westward. These situations clearly display the function of the negative damping effects and emphasize the westward coupling shift, which may explain the ENSO character transformation from most EP events before 2000 to more CP ENSO after 2000.
The leading EOF patterns of the g-east experiment are shown in Figs. 4f, g, h. Due to the weakened HF-SST coupling process in the east, the thermal damping time is delayed longer so that more heat could accumulate, portraying warming SSTs that situate in the central-eastern Pacific and achieve maximum value in the east basin (a typical El Niño-like pattern). Overall, the HF-SST coupling strength in different locations plays different roles. The strengthened g in the west is in favor of producing a La Niña-like mean state and may relate to the post-2000 CP ENSO. However, the eastern weakened g generates a conventional ENSO pattern. The aforementioned similarities between the Scheme-new and g-west experiment (Figs. 3d, e, f and Figs. 4b, c, d ) manifest the dominant HF-SST variation in the west rather than it in the east. The result is consistent with the zonal variations of HF-SST coupling over the equatorial Pacific, where the HF-SST coupling in the eastern region is relatively much weaker than that in the western region. Thus, the damping term has a more significant effect on SST simulation over the western region than eastern region (Supplement 4).
Concluding remarks
A climate shift occurred in the tropical Pacific around 2000, the shift characteristics are partly demonstrated by the HF-SST coupling strength in the west-region (120°E−160°W) that is enhanced by approximately 1.66 times and in the east-region (160°W−80°W) that is reduced by roughly 21%. These may cause the descending skill in the ENSO simulation and prediction after 2000 by some model parameter biases, for which the parameters were trained by observations before 2000. To improve the performance of ENSO simulations since this climate shift, a bias correction scheme against the HF-SST coupling parameters is developed with a simple air-sea coupled model (GMODEL). After correcting the parameter bias, the model can simulate the dominate changes in the interannual variability and frequency of ENSO in the post-2000 and successfully represent the observed cooling mean state in the recent decade. Furthermore, the updated HF-SST coupling strength in the west and east regions reflect distinct effect on controlling the mean state over the tropical Pacific. The enhanced thermal damping process in the west is conducive to simulating a La Niña-like mean state, whereas the weakened damping term in the east contributes to a conventional El Niño-like pattern. As the HF-SST coupling is mainly controlled by the SST-cloud negative feedback over the central and western tropical Pacific, the changes in HF-SST coupling might be mainly related to the variations in cloudiness affected by climate shift (Supplement 4) (Zheng et al. 2014; Boucharel et al. 2015) .
However, these conclusions are based on the hypothesis of minimizing the effects of the meridional physical process. Under the climate shift, future work will devote to decreasing the meridional parameter bias (Supplement 5). Moreover, as indicated in Wang et al. (2011) , significant changes in CFSR were found around 1998−2001 in various variables, but these changes are likely related to the changing observing network (Xue et al. 2013 ). This suggests that we need to be aware of the possible data-driven jumps when adopting the reanalysis data. Fig. 4 . Top row are the scheme differences between (a) g-west and Scheme-original, and between (e) g-east and Scheme-original. Leading EOF modes of the simulation differences in SST (°C; second row), TAUX (dyn cm −2 ; third row), and thermocline depth (m; bottom row) between (b−d) g-west and Scheme-original (left column), and between (f −h) g-east and Scheme-original (right column).
